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Sequencing and assembly
The sequenced strain of F. graminearum, [Gibberella zeae (Schw.) Petch], strain PH-1 (NRRL 31084) was obtained from L. Patrick Hart, Michigan State University. PH-1 is a wild type strain isolated from wheat kernels from a Michigan grain elevator in 1996. The strain is available from the Fungal Genetics Stock Center [FGSC; University of Missouri, Kansas City (http://www.fgsc.net/)] as FGSC #9075. and Fosmid (40-kb inserts) libraries were generated with randomly sheared and sizeselected DNA. Genomic DNA for construction of BAC libraries was isolated from fungal protoplasts as previously described (S1). The BAC libraries were constructed in the HindIII site of pBeloBAC11 (S2) and the BamHI site of pECBAC1 (S3) . The BAC libraries are available from the FGSC. Plasmid, Fosmid, and BAC inserts were sequenced from both ends to generate paired reads. The sequence was assembled with the Arachne assembler (S4, S5) and a consensus sequence was determined from an average of approximately 10.6-fold sequence depth and 81-fold physical coverage between paired reads. The assembly totals 36.1Mb and consists of 511 sequence contigs with a N50 of 147 kb, meaning that at least half of all bases in the assembly fall within contigs of 147 kb or greater. The contigs are ordered and oriented by paired clone end reads within 43 scaffolds totaling an estimated 36.5Mb. This assembly (GenBank accession AACM00000000) has high sequence accuracy with 99.4% of the draft assembly having Arachne quality scores greater than 40, representing an error rate of 1/10 -4 bases. The assembly displays considerable long-range continuity, with 96.7% of all bases residing in scaffolds longer than 1.6 Mb. The 4X draft assembly of F. verticillioides was produced with Arachne (GenBank accession AAIM01000000) from sequence produced by Celera for the Torrey Mesa Research Institute/Syngenta.
Annotation
We used two methods of gene calling. The Calhoun annotation system was used for the initial gene calls for the Broad Institute. BlastX with a threshold value of E < 10 -5 was used to query the genome sequence against the public protein databases. Genes were predicted with a combination of FGENESH, FGENESH+, and Genewise as described (S6) and validated by comparing gene models to ESTs aligned to the genome with Blat (S7) . In addition, 573 proteins were manually annotated for training and validation, and included in the final gene set. This set of genes is referred to as the 'Broad set' and genes are designated as locus tags FG00001.1-FG11640.1. These genes are available from NCBI and http://www.broad.mit.edu/annotation/genome/fusarium_graminearum/. All predicted genes were used to query the PFAM set of hidden Markov models with the HMMER program (http://hmmer.wustl.edu/) and the public protein databases with
BlastP. Transfer RNAs were identified with the tRNAScan-SE program (S8) .
As the basis for the MIPS manual annotation, a second gene set was called with FGENESH with a matrix trained on fungal sequences of diverse origin (Ustilago maydis, Schizosaccharomyces pombe, and others). All gene calls from the two automated sets (Broad and MIPS) were loaded into the F. graminearum Genome DataBase (FGDB) (S9) .
1650 gene calls were manually processed after testing several different gene prediction programs (FGENESH, GENEMARK, GENEFINDER (S10), and GENSCAN), in addition to BlastX against a non-redundant set of publicly available proteins and BlastN against available ESTs. 770 of these gene calls either were not extracted by any automatic prediction procedure or displayed a substantially different gene structure; these were assigned to new call names (fg12000-fg13469). All FGDB gene calls are accessible on http://mips.gsf.de/genre/proj/fusarium/. Secreted proteins were predicted with TargetP (reliability class 1 and 2)(S11). Interproscan (S12) was run with default settings on the FGDB call set for F. graminearum, MIPS release of N. crassa (http://mips.gsf.de/genre/proj/ncrassa/), Broad release 5 of M. grisea (http://www.broad.mit.edu/annotation/genome/magnaporthe_grisea), and Broad release 3 of A. nidulans (http://www.broad.mit.edu/annotation/genome/aspergillus_nidulans).
High identity paralogs and repetitive DNA sequences
The best candidate paralog for each F. graminearum gene (Broad set) was identified with Blastp (requiring expect < 1e -5 and 60% coverage). Repetitive sequences were detected by searching the genome against itself with CrossMatch (http://www.phrap.org/phredphrap/general.html), which identified regions sharing at least 70% sequence identity. These regions were filtered for alignments longer than 200 bp in length and pairs were clustered into repeat families on the basis of region overlap.
Fungal transformation and characterization of RIP
F. graminearum strain PH-1 was transformed to hygromycin B resistance with plasmid pCB1003 (S13) containing the gene (hph) for hygromycin B phosphotransferase as described (S14) . To determine copy number of hph, DNA from transformants was digested with HindIII, a restriction enzyme which cuts outside hph: Southern hybridization was carried out as described (S15); labeling of hph was conducted with the AlkPhos Direct kit (Amersham Bioscience, Piscataway, NJ).
Two transformants were chosen for further study: 1N10, a strain containing a single copy hph insertion, and 1S1, a strain containing two copies of hph. Bio, Madison, WI) and primers CK_93Hyg/F 5'-CGC GCC GCT GGA GCT AGT GGA GGT CAA-3' and CK_96Hyg/R 5'-GCC GGC CCG GTC GGC ATC TAC TCT AT-3'.
Amplicons were ligated into pCR-4 TOPO (Invitrogen, Carlsbad, CA) and the resulting plasmids transformed E. coli "OneShot Top Ten" clones (Invitrogen, Carlsbad, CA). One clone from each hygromycin sensitive ascospore and from the 1S1 parent were sequenced at the University of Minnesota, Advanced Genetic Analysis Center, with M13 Forward (-20) and Reverse primers (Invitrogen, Carlsbad, CA) and internal primers, CK_95YG/F 5'-GAT GTA GGA GGG CGT GGA TAT GTC CT-3', and CK_94Hy/R 5'-GTA TTG ACC GAT TCC TTG CGG TCC GAA-3'. Sequences were aligned and analyzed with between the two strains, transition mutations outnumbered transversion mutations by 2.8
fold. 49% of SNPs are located within exons, 9% are located within introns, and 42% are located in intergenic regions. This distribution is highly correlated with the total assembly represented as exons, introns, and intergenic regions (50%, 7%, and 44% respectively).
Therefore, there is no apparent bias in the type of sequence in which SNPs are found.
The location of each SNP along each chromosomal axis was determined with an agp file where supercontigs adjacent on the genetic map were joined with a default gap size of 10 kb. Density of SNPs and GC were calculated for non-overlapping windows of 50 kb tiled across the genome assembly. To calculate the density of SNPs in a given window, the total number of bases which satisfied the above NQS criteria was used as the denominator. This allowed for correction for any bias in read distribution along each . This correlation is opposite to that observed in the human genome, where regions with high GC content display elevated recombination levels (S18).
To determine the significance of the correlation between selected gene groups and genome regions with high genetic diversity, chromosomes were divided into the same 50 kb windows as above. High SNP density regions were defined as windows containing at least 0.7 SNPs/kb; these regions constitute 13% of the genome but contain >50% of the total SNPs. The number of genes in high density SNP regions was counted for each category, and the total gene number in these regions was used to calculate the expected number. The binomial distribution was used to calculate enrichment of each family of genes in the SNP-rich regions assuming random distribution of genes from the family along the genome.
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Genome features
Comparisons were made among the features of the F. graminearum genome and genomes of other published filamentous ascomycetes, Magnaporthe grisea, Neurospora crassa and Aspergillus nidulans (Table S1 ; S6, S19, S20).
Gene Prediction Methodology (Broad)
The F. graminearum automated gene predictions ("Broad set") were validated against a set of previously characterized ESTs. These ESTs were not used as evidence during the automated gene calling and could thus be used as an independent measure of the accuracy of the gene calls. ESTs were assigned to a total of 3,621 different predicted protein-coding genes or 31% of the total 11,640. Of these genes, 75% were consistent with the matching EST. Of the rest, 2% did not include an exon found in the EST, and 24% appear to have incorrectly predicted splice sites.
A total of 11,640 protein coding genes were predicted with these methods.
Eliminating genes shorter than 100 aa that lack protein or EST similarity reduces this number to 11,540. On the basis of comparisons to gene counts of other sequenced fungal organisms, the number of genes is close to the expected number on the basis of genome size.
Gene Prediction Methodology (MIPS)
Protein descriptions for the FGDB gene calls (S9) 
Functional Classification
To predict the functional class of each protein, homology mapping from manually annotated proteomes was applied (S22) . The resulting functional classification of the MIPS set covers 30 % of all F. graminearum genes in contrast to 40 % for N. crassa, likely reflecting the more extensive research history and manual annotation status of N.
crassa. The functional distribution of F. graminearum genes among the main categories is comparable to the distribution in N. crassa and yeast. However, in contrast to this analysis, which depends on already manually annotated proteins, the analysis of predicted protein domains is not biased in this way.
Fusarium graminearum high identity paralogs.
The best candidate paralog for each F. graminearum gene (Broad set) was identified with Blastp (requiring expect < 1e -5 and 60% coverage). In comparison to other sequenced ascomycetes, F. graminearum possesses the smallest number of highly similar paralogous genes ( Figure S1 ). Only N. crassa, which is also notable in this respect, contains a comparably small number of six paralogs which share at least 80% sequence similarity.
By contrast, the related species M. grisea and A. nidulans possess an order of magnitude more highly similar paralogous genes than found in F. graminearum. The few highly similar gene pairs in F. graminearum exhibit a remarkably small average gene length, ranging in length from 81 to 130 amino acids (Table S4) , whereas the median protein length in F. graminearum is 423 amino acids. This difference suggests a bias against retaining larger gene duplicates in the F. graminearum genome. Interestingly, similar findings in N. crassa have been attributed to the process of repeat-induced point mutation (RIP), which targets highly similar sequences for mutation. Table S4 lists all paralogous gene pairs that share at least 70% identity (% identity was calculated for (S23) 
Sequence repeat families.
Repetitive sequences were detected by searching the genome against itself with CrossMatch (http://www.genome.washington.edu/UWGC/analysistools/Swat.cfm), which identified regions sharing at least 70% sequence identity. These regions were filtered for alignments longer than 200 bp in length and pairs were clustered into repeat families on the basis of region overlap. The repeat content of F. graminearum is at least an order of magnitude less than in related fungi (Table S3 ). Additional analysis of the unassembled whole genome shotgun (WGS) reads demonstrated that the draft assembly does not underestimate the repetitive content of the genome.
Only 0.1% of the F. graminearum assembly is repetitive sequence of at least 200 bp, which is 15 to 60-fold less than the assemblies of the related fungi M. grisea, N.
crassa, A. nidulans, or S. cerevisiae. Two small families of DNA transposons were identified in F. graminearum; these fall in the Tc1/mariner superfamily and share sequence similarity with the Fot1 and Fot5 transposons of F. oxysporum (Table S5 ).
None of the F. graminearum transposons contains an intact transposase gene suggesting that they are inactive. Two copies, located on different chromosomes, appear to be recent insertions as they share 99.4% sequence identity. However, four of the Fot1 copies have intact terminal inverted repeats flanked by 2-bp direct repeats, which would allow their future mobilization by invading transposons.
Other than these repeats, only highly degenerate partial transposon sequences are found in the genome, including several sequences with partial similarity to the skippy retrotransposon from F. oxysporum (S28) . The dearth of transposons in the F.
graminearum genome is striking in contrast with the multiple types of transposable elements found in other fungi, including F. oxysporum (S29) . In F. graminearum, a homothallic or self-fertile fungus, the opportunity to acquire new repeats appears limited, as out-crossing to other strains which could donate active elements is rare (S30).
Small sequence repeats
Compared to related fungi, full length and 10 truncated copies that differ in sequence (S34) . In addition to these small repeats, simple tandem sequence repeats are also found at very similar levels in F.
graminearum and other fungi (S35).
Repetitive content of assembly and unused WGS reads
As the F. graminearum draft assembly does not represent the complete genome sequence, repeats could be present in the genome but missing from the assembly.
However this assembly displays a high level of sequence continuity when compared to identified by over-representation of particular kmers belonged to the mitochondrial genome or the rDNA repeat locus, regions also left unassembled for the other fungi.
Therefore, there is no evidence for unassembled repeat sequences beyond the mitochondrial genome and rDNA repeats locus.
Tandem gene duplications
To identify gene duplications resulting from tandem sequence duplication, we identified a set of paralogous duplications closely linked in the genome. Closely linked paralogs were identified by first comparing the protein set against itself with Blastp. The best blast hit for each protein with 60% coverage of the query and expect < 1E -10 were retained. Paralogous hits within 5 genes on either side of the query were retained. This set includes one group of three genes and 36 groups with two genes. similarity. This suggests that a local duplication of at least three genes gave rise to these paralogs. Four of these genes are potential P450 monoxygenase proteins; the other two (FG02112 and FG02115) are similar to the F. graminearum gene TRI7 (S37).
Analysis of Repeat Induced Point mutation (RIP)
Bias in RIP-like transition mutations among copies of Fot1fg
The coordinates of the five copies of Fot1fg (repeats 1-5 in Table S5 ) were adjusted to encompass the terminal inverted repeats and aligned with ClustalW (Supp Alignment1 and S21). Copies 1 and 2 were nearly identical and unlinked in the genome, suggesting that they resulted from recent independent transposon insertions into the genome. The total number of transition, transversion, and insertion or deletion mutations was counted in reference to repeat 1 (Table S6) As RIP mutation sites in N. crassa display a CpA site preference, sequences surrounding the RIP-like sites in F. graminearum were examined (Table S7) . A count of the 3' and 5' bases adjacent to each RIP-like site revealed a similar CpA site preference.
75% of C → T sites are CpA sites. A complementary preference for TpG around G → A transition sites is also observed.
Experimental evidence for RIP in F. graminearum
A large number of hygromycin B resistant mutants of F. graminearum strain PH-1 were created in a previous study (S14) with restriction enzyme mediated insertion (REMI) of a gene (hph) for hygromycin B phosphotransferase (S13). Two transformant strains, previously determined to be hygromycin resistant and to have different copy numbers of the hph gene (S14) were chosen for this study. One strain (1N10) has a single copy of hph while another (1S1) has two copies ( Fig S2) .
To examine the possibility of repeat induced point mutation (RIP) of hph, loss of drug resistance was assessed for the strains having one copy or two copies of the gene during asexual sporulation or sexual selfing. For the strain containing a single copy, the drug resistance phenotype was stable in both sexually and asexually derived spores (ascospores and conidia, respectively) ( Table S8 ). For strain 1S1, which contains two copies of the gene, the drug resistance phenotype was stable for conidia but highly unstable in the meiotically derived ascospores.
To determine if loss of drug resistance in ascospores obtained by selfing 1S1
could be due to the process of RIP, copies of hph were amplified from five ascospores of 1S1, the sequences cloned, and inserts from the clones were sequenced and compared to the original hph sequence as introduced into 1S1 (GenBank accessions DV998659-DV998664). The cloned hph sequence derived from each ascospore contained numerous point mutations, which in each allele would be predicted to lead to both non-synonymous amino acid substitutions and premature termination of translation of the hph transcript.
Point mutations were overwhelmingly C → T transition mutations (Table S9 ) consistent with the pattern of mutation expected for RIP (S38) .
Moreover, C → T transition mutations are preferentially associated with CA dinucleotides (Table S10) , followed by CG and CT. This frequency pattern for mutated dinucleotides is also very similar to the pattern observed for RIP in N. crassa. Because mutation of hph in F. graminearum was observed 1) for a strain having a duplicated hph but not for a strain having a single copy of the gene, 2) for meiotically derived spores but not mitotically derived spores and 3) having a bias for C → T transitions at CA dinucleotides, we concluded that F. graminearum must have a mechanism for detection and mutation of repeated sequences similar to that of RIP in N. crassa.
Comparative genomic analysis
Phylogeny of F. graminearum, N. crassa, M. grisea, A. nidulans, and S. cerevisiae.
To identify orthologous genes from F. graminearum, N. crassa (S6), M. grisea (S19), A. nidulans (S20), and S. cerevisiae (www.yeastgenome.org), protein sets were compared with blastp to identify the best reciprocal hit for each individual protein.
Orthologs were joined into families on the basis of clusters of orthologous groups of proteins (cog), as defined (S39): each protein in a family has at least two best hits to the other proteins in the family. Families with more than one ortholog in each species were excluded from further analysis. This resulted in a set of 1103 protein families (Supp Data Orthologs). Codon directed nucleotide alignments were constructed by first aligning each set of protein orthologs with ClustalW (S23). Alignments were trimmed to remove gaps and poorly aligned regions (< 3aa aligned). Each amino acid in the alignment was converted into the corresponding DNA codon. This alignment is available in a separate file (Supp_Alignment2).
A multigene phylogeny was estimated for the 1103 ortholog families. Aligned genes were randomly concatenated together to create a single alignment. For this sequence, the GTR model (S40) of sequence evolution with Gamma distributed rates (shape parameter of 0.678) was chosen with modeltest (S41). PAUP* (S42), run under the parameters selected by modeltest for 20 replicates of random sequence addition with TBR branch swapping, identified the maximum likelihood tree; bootstrap re-sampling was performed for 100 replicates and all 100 replicates supported the resulting tree ( Figure S3 ).
Comparative analysis with related Ascomycetes.
We compared the genome of F. graminearum to those of the related fungi M.
grisea (a plant pathogen, infecting rice and other grasses (S43)), and the non pathogenic but saprophytic N. crassa, and A. nidulans. N. crassa is a saprophyte associated with decomposition of burnt material (S44), and A. nidulans is a cosmopolitan saprophyte commonly isolated from soil (S45). Phylogenetically, F. graminearum is roughly equally distant from N. crassa and M. grisea, while A. nidulans is an outgroup to these species.
Our data show that proteins share an average of 50% and 49% identity with orthologs in N. crassa and M. grisea respectively, and 45% identity with those in A. nidulans.
Syntenic analysis.
Examining the conservation of gene order, or synteny, between genomes highlights regions preserved during genome evolution. To identify syntenic regions, the proteomes of Fusarium and four other fungi were compared with BlastP. The coverage ratio (identities * overlap / length, with respect to the longer protein; minimum coverage ratio 20 %) was used together with the localization and orientation of the ORFs on the contigs to extract syntenic regions along with information on inversions. The maximum gap between two genes which belong to one syntenic region was set to four (default) or, The higher identity of these common syntenic regions suggests that they could be subject to a greater degree of purifying selection.
Comparative analyses of gene families.
Comparison of plant pathogenic fungi may reveal common mechanisms and genes important for pathogenesis in plants. 
Transport of small molecules/ Detoxification:
As biodegrading organisms, fungi not only must have the ability to degrade (Table S12 ).
Small effector proteins:
A small family of plant necrosis-inducing proteins or NIPs (also called NLPs) (IPR008701) also is found in greater number in F. graminearum and M. grisea compared to N. crassa and A. nidulans. NIPs are low molecular mass (24 -26 kDa) secreted polypeptides that cause cell death apparently by triggering the hypersensitive response associated with the innate immunity of plants (S63) . Other small, cysteine-rich proteins produced by fungi can be toxic, inhibit hydrolytic enzymes secreted by other organisms (e.g. proteases and chitinases) or may suppress defense responses of host plants.
Importantly, if they are secreted in the host they may be recognized by the plant innate immune system leading to disease resistance. Indeed, almost all avirulence effectors of fungi identified to date are small, cysteine-rich proteins (S64-66). The F. graminearum genome has genes for at least 76 peptides less than 200 aa in length that are predicted to be secreted and to contain at least 4% cysteine residues.
Secondary metabolism:
Terpenoid synthases (TS), non-ribosomal peptide synthetases (NRPS) and polyketide synthases (PKS) are enzyme families responsible for the synthesis of the three largest classes of fungal secondary metabolites. F. graminearum possesses an impressive array of genes involved in biosynthesis of these natural products.
Two genes, Tri5 encoding the TS involved in the biosynthesis of toxic trichothecene compounds and NPS6, a gene for a NRPS encoding an extracellular fungal siderophore have been shown to be essential for full expression of pathogenicity (S67, S68) . F. graminearum possesses the largest battery of TS and NRPS for any sequenced ascomycete genome compared, with a total of 37, but has fewer predicted PKS than either M. grisea or A. nidulans (Table S12) .
Cytochrome P450 genes are often involved in oxygenation steps in the biosynthesis of fungal secondary metabolites. Fungal P450s also have been shown to contribute to fungal virulence by detoxifying antimicrobial plant metabolites (S69). F. graminearum has 110 predicted genes for P450s in 73 families; genes within families have > 40% identity at the amino acid sequence level (S70). Although both S. cerevisiae and S. pombe contain two highly conserved P450 genes involved in fungal steroid (ergosterol) biosynthesis and S. cerevisiae also has CYP56 involved in spore wall maturation, other ascomycetes genomes have many more (S71).
Analysis of high SNP regions.
Putative orthologs of F. graminearum proteins in the F. verticillioides assembly were identified as the best Tblastn hit with expect less than 1e -10 . Proteins with more than one hit or with stop codons within the hit were removed from consideration.
Regions of the F. graminearum query proteins and F. verticillioides orthologs were aligned with ClustalW (S21). Comparing proteins within high and low SNP density regions (top and bottom quartiles) revealed that only 12% of proteins from the highest SNP density regions have putative orthologs, compared to 30% of proteins from the rest of the genome. In addition, the orthologs for proteins within high SNP density regions share only 58% identity, whereas orthologs for proteins in other regions share 76%
identity. To determine if this difference in divergence level for high and low density SNP regions is consistent with polymorphism levels, we conducted an HKA test (S72) . Each amino acid in the F. graminearum-F. verticillioides protein alignments were converted into the corresponding DNA codon. Counts include only positions with a high quality base in both F. graminearum strains as well as an aligned base in F. verticillioides (Table   S13 ). Comparing the observed and expected values revealed that more substitution was found in the high SNP regions than expected from divergence (p=0.028).
To examine the selective forces operating on these regions, we examined the pattern of nucleotide substitution. Genes found in the high diversity regions, as a group, show a higher rate of synonymous substitution, as 64% of SNP substitutions are synonymous, than genes found in the lowest diversity regions, where 54% of SNP substitutions are synonymous (Χ 2 value=3.7 E -7 ) (Table S14) . One explanation for this difference may be that the high SNP density regions have undergone greater purifying selection than conserved regions.
The location of several gene sets was correlated with the regions of high SNP polymorphism, including genes expressed specifically in planta, predicted secreted proteins, F. graminearum unique proteins, major facilitator transporters, amino acid transporters, and cytochrome P450 genes (Table S15) . Additional gene families enriched in the high diversity regions include the previously mentioned genes for major facilitator transporters and cytochrome P450s which are also represented in greater numbers in F. graminearum or in plant pathogens compared to saprophytic fungi. These highly polymorphic regions also display high divergence between species.
Predicted secreted proteins specifically expressed in planta
Of the 7,132 genes detected during barley infection, 408 were detected only during infection (S73) . These genes are highly enriched in the high SNP density regions (P=7.4E -15 ). Of the 408 total genes, 126 are predicted to be secreted. Four of these genes have similarity to known virulence factors while another 32 genes are predicted plant cell wall degrading enzymes (Table S16) graminearum has the smallest number of high similarity paralogous pairs, with only two pairs of proteins sharing more than 80% identity. Supplemental Tables: Table S1 . Fusarium graminearum genome features compared with other filamentous ascomycetes. Table S7 . Nucleotides adjacent to apparent point mutations.
C to T G to A 3' base 5' base 3' base 5' base A  C  G  T  A  C  G  T  A  C  G  T  A  C  G  T  3  6  0  2  2  3  2  2  3  3  1  2  5  1  5  2  3  4  22  6  9  6  13  5  9  16  7  3  8  5  5  9  4  5  5  101 1  11  5  55  17  6  40  33  5  22  22  11  4  0 
